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ABSTRACT: In district heating technologies, gas fired boilers and conventional heat
pumps have poor performance at low ambient temperature. To tackle this issue, this
study has proposed a novel air-source gas-fired absorption heat pump for district
heating with flue gas recovery. Compared with conventional absorption heat pumps,
the proposed solution in this study can absorb heat from both air and flue gas.
Additionally, the working fluid works properly when air temperature is below 0 °C,
safe and nonflammable. To analyze the economic and the thermodynamic
performance of this air-source gas-fired absorption heat pump, a mathematical model,
considering energy, exergy, economy and environment, has been developed.
According to the simulation results of the model, the proposed air-source gas-fired
absorption heat pump system here had good stability and feasibility under various
operational conditions. However, as the payback period and the exergy destruction
were found to be conflicting with each other, a multi-objective optimization method
was established to minimize the system’s payback period and exergy destruction
simultaneously. Additionally, the technique for order preference by similarity to an
ideal solution decision-making method has been applied to look for the optimal
solutions in the Pareto frontier, with optimal solutions of the system under different
operational conditions recommended.
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1. Introduction

Nowadays, space heating heavily relies on burning fossil fuels, which include
natural gas, petroleum and coal. The massive use of fossil fuels, however, has brought
serious pollution and haze issues. To ease these issues in China, the Chinese
government has changed the fuel of thermal power plants from coal to gas. This,
however, brings new issues such as gas shortage and greenhouse gas release [1]. With
the continued increase of both population and economy, many studies have focused
on utilizing renewable energy, and many researchers believed that air source energy is
a reliable and environmental-friendly energy source for future buildings [2].

Mahdi et al. [3] have studied an air source heat pump solution, working as a
waste heat recovery system, with a thermo-economic-environmental model developed
to analyze the system’s benefits. Qiu et al. [4] evaluated the energy performance of a
low-GWP (Global Warming Potential) refrigerant in an air-source heat pump for
heating. Based on load balance, Li et al. [5] proposed a dynamic coupling selection
method for air-source heat pumps. Although the compression heat pump has been
widely used in some cold regions and the coefficient of performance (COP) can reach
about 3, the efficiency of power generation at the thermal power plants has not been
considered when calculating this value [6]. In addition, air source absorption heat
pumps have been studied as well due to its advantages, like environmental
friendliness, energy efficiency and low investment. Wu et al. [7] have proposed a
solar air source absorption heat pump system and suggested its best working
configurations. Compared with conventional direct solar heating systems, the
proposed system gave a better performance and generated fewer pollutants. Dai et al.
[8] have investigated an air source ammonia-water absorption heat pump, which used
solar energy and natural gas as heat sources. The system’s COP was found to be
between 1.44 and 1.66, with evaporating temperature between 4.3 °C and 11.1 °C.
Additionally, they also built a mathematical model of the system and found the
operational cost of this system can be reduced with additional solar collectors. Li et al.
[9] have proposed an air source absorption heat pump system for heating and
established a simple model based on mass and heat balances. The model was
validated against previous references and the use of this model has demonstrated great
energy saving potential of the proposed system in actual application. Wu et al. [10]
have investigated the performance of an air source absorption heat pump using energy

models and identified its energy saving rate, efficiency and distribution consumption.
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Christopher et al. [11] have developed a thermodynamic model for a direct gas-fired
single effect ammonia-water absorption heat pump, and suggested its optimization
configurations for heating. Lu et al. [12] have designed and proposed an air source
ammonia-water absorption heat pump system, which could absorb heat from ambient
and exhaust gas. Their experimental results showed that at evaporating temperature of
0 °C this solution could provide 30 kW heat with a COP of 1.66, and it was a more
energy efficient than conventional district heating solutions.

As absorption heat pumps contribute a lot to energy conservation and emission
reduction, many studies have been done at both theoretical and practical levels. Wang
et al. [13] presented a cascaded absorption heat pump to utilize industrial waste heat,
and analyzed its exergy and exergoeconomic performance to determine the solution’s
Exergy Destruction (ED) and cost rates. From the study, they suggested that 21.3 %
exergy destruction rate could be avoidable by improving heat exchangers, with
80.2 % investment cost due to components of heat exchangers. Luca et al. [14]
proposed a reversible absorption heat pump with internal combustion engine, for
trigeneration systems. They carried out both exergy and energy analyses to evaluate
the solution’s economic viability and thermodynamic performance, and found that
compared with conventional systems, the exergy and cost savings of the proposed
system could reach 43 % and 10 %, respectively. Li et al. [15] proposed a
co-generation system coupled with absorption heat pumps, with mathematical models
developed for energy and exergy analysis. Lu et al. [6] introduced a novel absorption
heat pump system with cascaded recovery of flue gas, and established a simulation
model based on the Aspen Plus to analyze the exergy, energy and economic
performance of the system. It was suggested that the proposed system had a heat
capacity up to 50 kW.

The exergy and energy analyses are helpful for improving the thermodynamic
performance of the system but may increase capital investment and payback period.
Therefore, optimization of absorption heat pump systems considering both
thermodynamic and economic performances should be conducted. Bellos et al. [16]
have proposed an absorption heat pump system for both heating and cooling, and
optimized its performance based on thermodynamic parameters. Rodrigue et al. [17]
have proposed a three-heat-reservoir absorption heat pump system with exergy,
ecological and thermo-economic analysis, in order to find the optimal operational
conditions for the system with minimized exergy loss, capital cost and environmental
impact. From the study, they found that high thermo-economic criterion would give
low investment but high energy cost. Vinther et al. [18] have investigated a district
heating plant including four water-lithium bromide (H20-LiBr) absorption heat
pumps using micro-genetic algorithms for optimization. Jia et al. [19] presented an
ammonia-water absorption-resorption heat pump and developed a mathematical
model to identify feasible high and low pressures. Additionally, they compared heat
source temperature demand and inner operation pressure with conventional absorption
heat pumps and identified optimal solutions. Vaibhav et al. [20] conducted energy,
exergy and economic analysis for an absorption heat transformer with water-lithium
bromide as working fluid, and found that there was a conflict between the economic
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and thermodynamic performances. Additionally, the operational parameters could be
determined by non-dominated sort genetic algorithm-11 (NSGA-II) technique of
multi-objective optimization (MOP), with results showing that MOP design had a
better performance than the single-objective optimization (SOP) design.

The review work on these studies can reveal that both energy, exergy, economic
analysis and optimization of absorption heat pumps have been conducted in many
existing studies. There is, however, still a lack of knowledge of air-source gas-fired
absorption heat pumps (AGAHP) considering energy, exergy, economic and
environmental analysis with multi-objective optimization. Unlike previous
optimization studies on the absorption heat pump which focus solely on the energy
analysis and exergy analysis, the economic analysis, environmental analysis, the
mathematical model of R22-DEGDME (Diethylene Glycol Dimethyl Ether) and the
MOP of the system have not been sufficiently discussed in the open literatures yet.
Appropriate optimization strategies are necessary to put forward to improving the
performance of AGAHP from the sights of economy and environment. Therefore, this
paper firstly elaborated the basic functions of AGAHP, with R22-DEGDME selected
as working fluid. A mathematical model has been developed for the proposed system,
with considerations in terms of thermodynamic, economic and environmental
performances. In addition, as there was a conflict between payback period and exergy
destruction, the optimal system performance was obtained based on the MOP. An
optimization method for AGAHP system based on NSGA-II technology and TOPSIS
(Technique for Order Preference by Similarity to an Ideal Solution) decision-making
method was also established to identify optimal results. The main contributions of this
study include:

(1)The energy, exergy, economy and environment performance of a novel air-source
gas-fired absorption heat pumps under different operating conditions were analyzed.
(2)A mathematical model of R22-DEGDME solution was established.

(3)Based on the simulation results, multi-objective optimization of the system was
conducted and some optimal operational conditions were recommended.

2. System description

Fig. 1 shows the schematic of the AGAHP, with five branches including
refrigerant, weak solution, strong solution, gas and water branches. The main
components of this system are one solution heat exchanger, one generator, one
solution pump, one absorber, one evaporator, one reservoir, one condenser and three
heat exchangers.

The water branch is illustrated by blue lines, where the return water from the
user is pumped to the absorber, absorbing heat from the solution. It then enters the
condenser and absorbs heat from the high temperature refrigerant vapor. The water
finally passes the heat exchanger-I and then is supplied to the user. The gas branch is
represented by red lines. A mixture of air and natural gas is supplied to the combustor
and the heat is then released to the solution in the generator. The flue gas from the
combustion process goes to the heat exchanger-I to warm up the supply water. The
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gas then enters the heat exchanger-Il and the temperature can be further reduced to
below the dew point, so the waste heat can be recovered by low temperature
refrigerant vapor. Finally the exhaust gas is released into the atmosphere.
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Fig.1 Schematic diagram of the AGAHP

The strong solution and weak solution branches are represented by purple and
green lines, respectively. The strong solution from the absorber is pumped to the
solution heat exchanger by the solution pump, leading to increased solution pressure.
The strong solution absorbs heat from the weak solution in the solution heat
exchanger and then enters the generator. In the generator, the strong solution is heated
by the combustion of natural gas to generate refrigerant vapor. The strong solution
then becomes weak solution and enters the solution tank. The weak solution goes into
the solution heat exchanger, then the Electronic Expansion Valve (EEV) and finally
returns to the absorber. In the absorber, the low temperature refrigerant vapor is
absorbed by the weak solution, releasing much heat to the water. The weak solution
finally turns to strong solution and enters the solution pump.

The refrigerant branch is shown by black lines. In this process, high temperature
refrigerant vapor generated in the generator enters the condenser and heats the water.
It then goes to the reservoir, the heat exchanger-I11 and the EEV, and then turns to low
temperature-pressure refrigerant liquid. In the evaporator, the liquid evaporates by
absorbing heat from the air source and the vapor goes into the absorber after the heat
exchanger-I11. In addition, when defrosting is necessary, the valve-I1 will be opened
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so high temperature refrigerant vapor goes into the evaporator directly.

To improve the efficiency of this system, the waste heat in the flue gas was
analyzed. Combustion of gas will generate CO2, N2 and H20. To ensure complete
combustion, surplus air is necessary, which can be quantified by excess air coefficient
o . The combustion reaction of gas and air process is shown as:

CH, +2(1+a)(0, +3.76N,) — CO, + 2H,0+ 7.52(1+ a)N, + 220, (1)

As shown in Fig. 2, boiler efficiency increases with decreasing flue gas
temperature for different excess air [21]. Boiler efficiency rises slowly before the dew
point and then it starts to increase sharply with decreasing flue gas temperature. When
flue gas temperature is higher than dew point, its cooling process releases sensible
heat with less amount [6]. When the temperature is lower than the dew point, however,
there is abundant energy of latent heat, leading to great increase of boiler efficiency.
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Fig. 2 Variation of boiling efficiency with different excess air and flue gas temperature [21]

To reduce irreversible loss and improve thermodynamic efficiency, refrigerant
and solution need to be suitably selected. Although many studies have tried to use
ammonia-water and water-lithium bromide pairs for absorption heat pumps, they have
certain shortcomings: 1) ammonia is toxic and flammable, and 2) water-lithium
bromide absorption heat pump cannot work with evaporation temperatures below 0 °C
[22, 23]. In this study, therefore, R22-DEGDME solution was selected because it was
nontoxic and nonflammable, and could work below 0 °C [24]. Despite the fact that
there are some negative effects on the environment with ozone problem and global
warming, this solution provides a better efficiency, application and useful knowledge
[25,26]. The properties of R22-DEGDME are shown in Table 1.

Table 1 The properties of R22-DEGDME [25]

Parameters R22 DEGDME




Molecular weight (g/mol) 86.46 134.17

Boiling point (°C) (P=0.101 MPa) -40.8 162
Critical temperature (°C) 96.15 328.85
Density (kg/m®) (t=20 °C) 1210 944

Toxicity No No
Corrosivity No No
3. Methods

To analyze the performance of the AGAHP, a mathematical model was

developed to describe solution, energy, exergy, economy and environment. For
simplification, some assumptions have been adopted in the modeling work:

1.
2.

3.

The system operates at steady state.

The R22-DEGDME solution is saturated at the exits of both the generator and the
absorber.

The refrigerant at the outlets of the evaporator and the condenser outlets are
saturated.

The heat dissipation of the equipment and pipes to the surroundings can be
ignored.

The power input of the evaporator fan is neglected.

The reference state temperature and the pressure in the exergy analysis were
298.15 K and 101.32 kPa, respectively.

1. Solution analysis
The solution balance consists of pressure, molar concentration and temperature,

and can be expressed by Equation 2 [25,27].

InP =ZS‘AY” +%25:BHY” +InT -icnv“
n=0 n=0 n=0

()

where P is the pressure of the solution and Y is the molar concentration of R22.
Constant coefficients, An, Bn and Cn, are shown in the Table 2.

Table 2 Values for Coefficients in Equation 2

n A B, C,

0 5.21E+01 -5.58E+03 -6.34E+00
1 1.27E+01 3.39E+03 -1.43E+00
2 -1.39E+02 -8.60E+03 2.23E+01
3 7.32E+02 -3.16E+03 -1.14E+02
4 -1.19E+03 3.04E+04 1.81E+02
5 5.47E+02 -1.90E+04 -8.19E+01




The specific heat of the R22-DEGDME solution can be calculated by Equation 3
[25,27].

3 c . 3 c . ) 3 c . (3)
CD:Z;APY +th=(;8an + %cnw

Cp
n

The constant coefficients A, B and C.* are shown in the Table 3.

Table 3 Values of Coefficients in Equation 3

n A B C;’

0 2.79E+02 -4.2E-02 2.31E-03
1 -1.51E+02 5.98E-01 -5.97E-03
2 1.01E+02 -1.37E+00 3.43E-03
3 -1.28E+02 1.02E+00 1.05E-03

The mixed heat of R22 and DEGDME can be described by Equation 4 [25,27].

AH :Y(l—Y)-i:Gn(l—ZY)”*l 4)

n=1

where G, is the constant coefficient, with values listed in Table 4.

Table 4 Values of Coefficients in Equation 4

n G,

1 -1.90E+04
2 8.72E+03
3 -1.39E+03
4 -6.42E+02

The molar enthalpy of the solution can be obtained by Equation 5 [25,27].

t 10 10 10
AH_ +jcpdt+jcp(v =0)dt+Y(jcp(Y =1)dt—jcp(v = 0)dt)
H = 10 0 0 0

+100 (5)
J(Mp(A-Y)+Mgy,Y)

where J is the heat equivalent of work, My and My,, are the molecular weights of

DEGDME and R22, respectively. €,(Y =0) and ¢,(Y =1) are the specific heat

when the molar concentrations are zero and one, respectively.



3.2. Energy analysis

The energy analysis was carried out based on the first and second laws of the
thermodynamics. In the evaporator, condenser, solution heat exchanger and heat
exchanger-I, the heat loads were calculated by Equations 6 to 9, respectively.

Qevap =m, (hRS - hR4) (6)
Qcond =m, (th - th) (7)
Qshe = mw(hs3 - hsz) (8)
Qhe—l = Cp.me(TW4 _Tw3) (9)

In the generator, the heat is transferred from the gas combustion to the strong
solution, with heat load calculated by Equation 10.

-h
S S3 (10)

In the absorber, the heat released from the weak solution and the refrigerant
vapor is absorbed by the water, and it can be described by Equation 11.

Qgen =mr'hR1+mw'h54_m

Qabs :mr'hRs"'mw'hse_m 'h51

j (11)
The COP of the system can be calculated as the ratio of the heat capacity to heat
consumption, as defined by Equation 12.

COP = (Qcond + Qabs + Qhe—l ) / (Qgen/nb + PSp) (12)

The above energy and solution models were developed in MATLAB to simulate

the performance of the AGAHP system, following the flow chart depicted in Fig. 3.

AP,

§2-831

According to [25], the pressure differences AP, r,, AP s, AR

R6-R1

AP, o,, AP, APy, nay AP, rs 1IN the model were initialized as 0.20 bar, 0.05

S4-S51

bar, 0.10 bar, 0.20 bar, 0.05 bar, 0.10 bar, 0.05 bar and 0.15 bar, respectively.
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Input initial design conditions:
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Output results

Fig. 3 The flow chart of energy and solution simulation

3.3. Exergy analysis

The exergy analysis is useful for identifying the maximum potential work of a
given measure point with respect to the reference state. It can also specify the exergy
destruction and show the reasons of thermodynamic imperfection [28]. There are four
parts of exergy which are physical exergy, chemical exergy, kinetic exergy and
potential exergy. Kinetic exergy and potential exergy are neglected and the exergy rate

of the AGAHP system proposed in this study at any state point can be expressed by
11



Equation 13.

Ex, = Ex”" + Ex™
(13)

The chemical exergy of natural gas is equal to the maximum work obtainable
through a process that converts the natural gas from the ambient state to the dead state.
In this study, the chemical exergy of flue gas is ignored and only the input chemical

d
exergy of natural gas (E x=" ) is considered as 24 kW. The physical exergy can be

g,in
written as:
Ex" =m[(h—h,)-T,(s—s
, [(h—hy) —To(s—5)] (14)
Exergy destruction is related to the irreversible loss of the system, which can be
expressed calculated by Equation 15.

0
ED=>EX,— > EXyu—-D>.W +Z(1—1—°)Q 5)
where T is entropy-averaged temperature and can be determined by Equation 15[29].

T= hout B hin — Tin _Tout

Sout ~ Sin |n(_;_r|n)

(16)

out

Exergy efficiency is applied to evaluate the system’s performance, calculated as
the ratio of the output exergy rate to the input exergy rate, in Equation 17.

EXou
‘//sys =—= (17)
EXin

where output and input exergy rates were defined by Equations 18 and 19,
respectively.

[l 0

d
EXou = E X +EX™, (18)
a 0 0 ] d
ch h h
Exin = E X, + EXD +ExI, + Py (19)
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Fig. 4 Exergy analysis of the AGAHP system

The exergy efficiency of the AGAHP was then defined by Equation 20, with

governing equations of main equipment shown in Table 5.

. _
ph ph
E Xuout T E Xgout

w,out

Vys == ) o - o 0
c p P
E x +Exw,in+EXai,m +PSp

g,in

Table 5 Governing equations of exergy analysis

(20)

Equation

Exergy efficiency

Component

0

ch -~ ph _ = ouph , & uph - ph
Generator EXgin +EXg3 = Ex +EXg) +EDgy

Solution heat o .o oo 0 0 A
Ex$, +Ex$, =Ex& +Ex& +EDS,

exchanger
—- o ph - o ph - ph _ = ph — ., ph —
Absorber EXge +EXg +EXy =EXg, +EX,, +ED
- ph - ph = ph = ph - ph
Evaporator E XR4 + E Xa.in = E Xat.out + E XRS + E Devap

- [ '
Solution pump Ex +P, =Ex% +ED{

]
ph

Condenser E

0 0 a 0
ph ph _ ph ph
X +EXyy = E X5, +E X3+ EDgpy

0 ]
ph ph
E X, + EXgy

l//gen =

l//she =

ph

[
ch ph
E Xgin + E X553

0 0
ph ph
E X5 + E X
[ 0
ph ph
Exs, + EXg,

[ 0
ph ph
Exg +E X5

abs l//abs = 0

l//evap 0

!//sp =

l//cond -

ph - ph -, ph
E Xgze + E X + E X3

0 0

ph ph
E Xa.out + E XRS

0

ph ph
E x5, +EX 5,

0 o

E X,

[
ph
Exs +P,

0 oh 0 oh
— E XR2 + E 3
[ [

ph ph
E Xz +E Xy
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3.4. Economic analysis

From Fig. 1, it can be found that heat exchangers are the most significant parts of
the AGAHP system. Because their heat transfer area affects their capital investment, a
suitable design of heat exchangers could contribute to improve economic performance
of the system. In this study, the heat transfer area of heat exchangers was defined by
Equation 21.

Aotal = '%en + A:ond + Aabs + A\evap + Ahe + A%he (21)

The heat transfer area required by heat exchangers to transfer certain heat load
could be expressed by Equation 22.

Q
A=_—_< (22)
U A-I-LMTD

where AT o is the logarithmic mean temperature difference, calculated by

Equation 23, for different flow arrangements.

ATLMTD _ (th.in _tc.out) - (th.out _tc.in) counter-current flow

In th.in - tc.out
t

t

hout ~ ‘c.in

(23)
AT _ (th.in _tc.in) — (th.out _tc.out)
LMTD — t —t.
In h.in c.in

t t

parallel flow

h.out ~ ‘c.out

The economic analysis was applied to estimate the capital investment and
payback period, with the balance of cost rate calculated by Equation 24 [30].

[ [
Ctotal =CQ+CEHV+ZOp+Zk (24)
\ \ ] ]

Ciota = (Cg+Cen+Zop+Zk)x3600x N (25)

\ Q /77

C,=0.1444p-NP. ¥ 26
i 2 36x10° (26)

éh — Ctotal (27)

Qcond +Qabs +Qhe,|

| .
where C, and C[: o are natural gas cost rate and total cost rate, respectively. C,

is unit cost for heating. iop is the operational cost rate that can be described by
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Equation 28.

0
Zop _ Pst EP (28)
3600

where Psp is the power of solution pumps and EP is the unit electricity price.

According to [31], the capital investment and maintenance costs of the system
were defined by Equation 29.

Z X9

0
Zy = Cindex X——
N x 3600

x CRF (29)
where Z, is the capital investment of the equipment which is shown in Table 6. The

capital cost of components is estimated by cost functions which must be converted
form the reference year to the current year by using cost index factor. For this purpose,
a systematic methodology is used to calculate the cost index factor using the
Chemical Engineering Plant Cost Index (CEPCI) of the reference year and the current
year, as given below [32].

_ CEPCl

index — CEPCI o (30)

where CEPCl,,,, is 650 and CEPCI,,, is 583 [33]. The profit (Pr) of the system
can be calculated as:

0 | 0
Pr= (Qcond-i_Qabs_'_Qhe—l)>< HPX3600 (31)

Sanaye reported the connecting pipes, refrigerant and system structure accounted
only for 0.84% of gross investment [34,35]. Therefore, their cost were neglected and
only the cost of EEV, heat exchangers and solution pump were considered. ¢ was

the maintenance factor and CRF was the capital recovery factor, calculated by
Equation 32 [36].

i(L+i)

CRF =
@+i) -1

(32)

Table 6 Cost function of main equipment in 2016 [37]

Components Z,

Heat exchangers 1397 x A®®

[
EEV 114.5xm
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Pump 1120x P,

With the growing concerns about global warming and environmental pollution,
the rate of penalty cost of CO2 emission should be considered, as defined by Equation
33 [37,38].

: (33)
Cenv = I’J’coz x EC x Cc02 + eco2 x A’leating x C002

where g, and C; are CO avoid cost and factor of emission, respectively. EC is

2

system annual electrical energy consumption. €, is CO, emissions of gas-fired

boiler and Av.ing is heating area.

3.5. Multi-objective optimization

It is a problem that system payback period and exergy destruction are conflicting
with each other. Therefore, the MOP method has been applied in this study as it can
achieve optimization of the AGAHP system based on two objectives at the same time
[30]. The ED and the PP have been selected as the objective functions in this study, as
calculated by Equations 34 and 35, respectively.

\ \
EDiwotar = EDevap+ EDcond + EDaps+ ED gen+ EDshe + EDne + EDsp (34)

[ 0
_ ka3600+(Cg+Cenv+ Zop)X nx 3600

PP 0O 0 ]
(Qcond + Qabs+ Qhe—l ) x HP

(35)

In this study, three optimization cases were considered, and they were ED single
objective optimization, PP single objective optimization and MOP. The variables
which can maximize or minimize the ED and PP were chosen as decision variables
[20], and they were evaporating temperature and generator temperature. The
constraints consist of both equality and inequality constraints. Equality constraints are
formulated with solution and energy models, and inequality constraints permit the
operational conditions inside safe limitations. The proposed AGAHP had two decision
variables and the constraints were optimized by the NSGA-II technology, which is an
effective method to look for optimal solutions of MOP, introduced by Deb in 2002
[39]. The details of the NSGA-II technology and its pseudo codes can be found in
[20]. There are numerous non-dominated solutions namely Pareto frontier, in which
any value of the objective functions cannot be improved without lowering some other
objective values [40]. Therefore, a decision-making method is necessary to look for
optimal solutions from the Pareto frontier. According to [41], it is necessary for both
ED and PP to be in normalized form but not their actual values. In addition, the
following fuzzy method can be used to conduct the non-dimensionalization process of
the ED and the PP, as defined by Equations 36 and 37.
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ED" max(EDi)—_ ED,
max(ED,) —min(ED,)

(36)

ppy —__MaX(PR)— PP,
max(PP) —min(PP)

(37)

To identify optimal solutions, the TOPSIS decision-making method was used
during the MOP process. The method includes both ideal point and non-ideal point,
with ideal point minimizing the ED and the PP, while non-ideal point maximizing the
ED and the PP. The distance of any points on the Pareto frontier from the ideal and
non-ideal points could be measured by Equations 38 and 39.

_ n_ n,ideal \ 2 n _ n,ideal y2
d;, =/(ED" —ED"™)? 1 (PR" — PP"*) 38)

.= ED_n_EDn,non—ideal 2 PP_n_PPn,nonfideal 2
e P ) (39)

The proximity index of this method can be calculated by Equation 40[42].
d

Cl = -
T4, +d, (40)

If both ED and PP were ideal points of the Pareto frontier, Cl. would be 1. If

they were non-ideal points, Cl. would be 0. Finally, the point with maximum CI.

was chosen as the optimal result, with the MOP flowchart shown in Fig. 5.
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Fig. 5 Multi-objective optimization flowchart

4. Results and discussions

The AGAHP system is aiming to provide district heating for users in cold regions.
In this section, a case study was conducted to analyze both the thermodynamic and
the economic performances of AGAHP systems, using the mathematical model
proposed above. The heat capacity of the system was designed as 40 kW and the
temperatures of supply water and return water were set as 45 °C and 35 °C,
respectively. Table 7 has listed major thermodynamic conditions of the AGAHP
system, and Table 8 has listed detailed parameters applied in the economic analysis.

Table 7 Thermodynamic conditions of the AGAHP

Simulation parameters Values

Generator temperature (°C) 190
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Evaporating temperature (°C) -20

Absorption temperature (°C) 43
Condensing temperature (°C) 46
Supply water temperature (°C) 45
Return water temperature (°C) 35
Heat load of generator (kW) 27
Inlet temperature of air (°C) -5
Outlet temperature of air (°C) -10
Percent excess air (%) 20
Degree of superheating of refrigerant at evaporator outlet (°C) 0
Overall heat transfer coefficient of the condenser [W/(m?-K)] 1200 [43]
Overall heat transfer coefficient of the evaporator [W/(m?-K)] 30 [43]
Overall heat transfer coefficient of the absorber [W/(m?-K)] 1000 [43]
Overall heat transfer coefficient of the generator [W/(m?-K)] 100 [43]
Boiler efficiency (%) 0.88

Table 8 Economic model parameters [44]

Parameters Value
Maintenance factor @ 1.06
Annual interest rate i (%) 15
The system life time N (year) 15
Annual operational hours N (h) 3600
Average of electricity price in China EP [$/(kW-h)] 0.11 [45]
Average of heat price in China HP [$/(kw-h)] 0.08 [45]
Natural gas price in China NP ($/kg) 0.4909 [6]
0.88
Emission factor of electricity in China f4,, (kg/kwh)
87 [45
Cost of CO2 avoided Cg, ($/ton) [45]
21.89 [38
CO2 emission of gas-fired boiler €, (kg/m?) [38]
1000

Heating area Aeaing (M?)

4.1. Thermodynamic performance

The energy analysis mainly consisted of COP, heat capacity, exergy destruction
and efficiency. Fig. 6(a) displays the calculated system’s COP, with generator
temperature set with different evaporating temperatures. It reflects that the system’s
COP increased with increasing generator temperature, when the evaporating
temperature was kept as a constant. When the generator temperature became stable,
the COP increased with the increasing evaporating temperature. When the generator

temperature was 195 °C, the COP was 1.41 at the evaporating temperature of -20 °C,
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1.45 at the evaporating temperature of -15 °C and 1.48 at the evaporating temperature
of -10 °C, respectively. This is because that higher generator temperature leads to
lower weak solution concentration. As the strong solution concentration kept
unchanging, the increase of deflation ratio caused the increase of absorption ability.
Both mass flow rate of refrigerant and heat capacity of condenser were then increased,
resulting in increased COP. From Fig. 6(h), it could be observed that the heat capacity
rose with increasing generator and evaporating temperatures. When the generator
temperature was 195 °C, the heat capacity was 42.62 kW at the evaporating
temperature of -20 °C, 44.23 kW at the evaporating temperature of -15 °C and 45.05
kW at the evaporating temperature of -10 °C. The increase of evaporating temperature
lead to rising evaporating pressure and then to increased absorber pressure. This
resulted in higher deflation ratio, which gave more heat capacity.

Figs. 6(c) and 6(d) illustrate the variation of exergy destruction calculated by
Equation (15) and efficiency calculated by Equation (20), under different generator
temperatures and evaporating temperatures. From the results, it could be found that
both exergy destruction and efficiency increased with increasing generator
temperature, when the evaporating temperature was kept as constant. When the
generator temperature was 195 °C, the exergy destruction was 8.12 kW at the
evaporating temperature of -20 °C, 7.81 kW at the evaporating temperature of -15 °C
and 7.17 kW at the evaporating temperature of -10 °C. A higher evaporating
temperature has led to a lower exergy destruction and higher exergy efficiency, as the
temperature difference between evaporator and ambient temperatures decreased.
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Fig. 6 Energy and exergy performances of the system

4.2. Economic performance

Fig. 7 displays the economic performance of the AGAHP system under different
conditions. Fig. 7(a) shows that a longer life time and a lower interest rate could lead
to a lower CRF. When life time was longer than 10 years, the reduction rates of CRF
were almost constant with different interest rates. Fig. 7(b) indicates that with the
increase of generator temperature, the capital investment would increase because of
the increase of heat capacity, which led to increased heat transfer area. A higher
evaporating temperature lead to a higher heat capacity, which caused a higher capital
investment. From Fig. 7(c), the profit of the AGAHP system increased with increase
of generator temperature as heat capacity rose. The profit calculated by the
denominator of Equation (35) determined the system’s profit. When the generator
temperature was 195 °C, the maximum profit at the evaporating temperature of -20 °C,
-15 °C and -10 °C were 12278 $, 12379 $ and 12974 $, respectively. Fig. 7(d) has
depicted the variation of system’s payback period, which was calculated by Equation
(35). When the generator temperature increased from 150 °C to 195 °C, the payback
period decreased from 6.89 years to 5.73 years, at the evaporating temperature of
-20 °C, from 6.06 years to 5.55 years at the evaporating temperature of -15 °C, and
from 5.67 years to 5.46 years at the evaporating temperature of -10 °C. The payback
period was relatively long because of the consideration of natural gas and operation
maintenance. This could be explained by that the growth rate of capital investment
and operation maintenance cost were less than the growth rate of profit. Fig. 7(e)
displays the tendency of unit cost of heating with the generator temperature. Under
the different evaporating temperature, the unit cost of heating increased with the
increase of generator temperature. When the generator temperature increased from
150 °C to 195 °C, the unit cost of heating increased from 10.55 $/GJ to 14.77 $/GJ, at
the evaporating temperature of -20 °C, from 10.58 $/GJ to 14.74 $/GJ at the
evaporating temperature of -15 °C, and from 10.59 $/GJ to 14.74 $/GJ at the
evaporating temperature of -10 °C. According to the Ref. [45], the heat price was 0.08
$/kWh which could be convert to 22.23 $/GJ. Compared with conventional district
heating, AGAHP has better economic performance.
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Fig. 7 Economic performance of the system

4.3. System optimization

The MOP of the AGAHP system was done using the NSGA-II technology and
the TOPSIS decision-making method. The tuning parameters used in the MOP have
been listed in Table 9, adopted from [20] when using the MOP method to a vapor
absorption heat transformer system.

Table 9 Tuning Parameters in MOP [20]
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Tuning parameters Value
Population size 100
Maximum number of generations 400
Probability of crossover 0.9
Probability of mutation 0.1
Selection process Tournament
Tournament size 2

Fig. 8 shows both exergy destruction and payback period of the AGAHP at
various conditions. As shown in Figs. 8(a), 8(b) and 8(c), the ED increased and the PP
decreased with increasing generator temperature. As aforementioned, a system with
small ED may have long PP, and a system with short PP may have big ED, so both are
not optimal. This issue was solved in this study using the multi-objective optimization
method. According to Equations. (36-39), the Pareto frontiers with normalized form
using the NSGA-II technology in MOP are shown in Figs. 9 (a), 9(b) and 9(c), for
different working conditions. Normalized PP and normalized ED were calculated
according to Equations (36) and (37). When the condensing temperature was -10 C,
-15 C and -20 °C, the maximum and minimum PP and ED could be collected from
Fig. 7(a) to calculate the normalized payback period and normalized exergy
destruction in every point. From Figs. 9(a), 9(b) and 9(c), it is shown that the ideal
point could be found when the normalized ED and the normalized PP were 1.
According to Equations (36) and (37), both ED and PP were minimal under this
condition. However, it needs to be noted that the existence of this ideal point is not
practically possible. The non-ideal point was found when the normalized ED and the
normalized PP were 0. When the normalized ED was 1 and the normalized PP was 0,
the system was an ED-based optimal design. When the normalized ED was 0 and the
normalized PP was 1, the system was a PP-based optimal design. To find the optimal
solution in the Pareto frontier, the TOPSIS decision-making method was also applied.
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Fig. 9 Pareto frontier with normalized form in MOP process

According to the Equations (38-40), the d,, d._ and Cl, of every point were
calculated and a point with the maximum proximity index Cl; has been selected as
the final result. Fig. 9 shows the variation of d,,, d,_ and CIl, with normalized PP.
It indicated that both d;, and d,_ decreased firstly and then started to increase

under different working conditions. The Cl; was calculated by d;, and d,_ and it
increased at the beginning and then started to decrease. From Fig. 10(a), it could be
found that the maximum CIl. was 0.605 at the normalized PP of 0.499, when the

generator temperature was 160 °C. In this optimal solution, the PP was 6.31 years and

the ED was 6.35 kW, when the evaporating temperature was -20 °C. From Fig. 10(b),

it can be observed that the maximum Cl, was 0.544 at the normalized PP of 0.609,
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when the generator temperature was 165 °C. When the evaporating temperature was

-15 °C, the optimal PP and the optimal ED were 5.75 years and 6.37 kW, respectively.
According to Fig. 10(c), the maximum CI; was 0.555 at the normalized PP of 0.625,

when the generator temperature was 165 °C. The optimal PP and the optimal ED were
5.53 years and 5.59 kW, when the evaporating temperature was -10 °C. As shown in

Fig. 10, any points of the Pareto frontier located on the left hand side of the maximum
Cl; had better exergy performance. Those points located on the right hand side,

however, had better economic performance.

Table 10 shows ED, normalized ED, PP and normalized PP in both SOP and
MOP procedures. It should be noted that if any of the PP based optimized design
(SOP of PP) or ED based optimized design (SOP of ED) was selected, the design
would inadequately meet other conditions. According to Table 11, if the SOP of PP
was chosen as optimal design, the average ED was 37.87 % higher than its minimum
possible value; whereas, if the SOP of ED was chosen, the average PP was 11.12 %
higher than its minimum possible value. In addition, if the MOP design is selected as
the final solution, the average ED and PP are 4.51 % and 5.07 % more than their
minimum possible values. Therefore, MOP design is more favorable than the other
SOP designs. Additionally, when the evaporating temperature was -20 °C, all COP,
exergy destruction and payback period were poorer than those with evaporating
temperature at -15 °C and -10 °C. When the evaporating temperature was -10 °C,
however, the system’s performance became worse in severe cold areas. Fig. 11 shows
the results from the exergy analysis of the optimal condition and some
thermodynamic parameters concerned with system performance at evaporating
temperature of -15 °C were listed in Table 11. It reflected in Fig. 11 that generator was

the biggest contributor to the ED, caused by the large temperature difference.
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Table 10 ED and PP value under three optimization procedure

Optimization parameters ED,, (kW) PP (year) ED' PP"
Evaporating temperature (°C) -20 -15 -10 -20 -15 -10 -20 -15 -10 -20 -15 -10
Design conditions 8.12 7.81 7.17 5.73 5.55 5.46 0 0 0 1 1 1
SOP of ED 5.67 4.81 3.94 6.89 6.06 5.65 1 1 1 0 0 0
MOP 6.35 6.37 5.59 6.31 5.75 5.53 0.72 0.48 0.49 0.50 0.61 0.63
SOP of PP 8.12 7.81 7.17 5.73 5.55 5.46 0 0 0 1 1 1




Table 11 Thermodynamic conditions in different processes

Parameter MOP conditions

Qevap (KW) 10.69

Qcond (kW) 1635

Qyen (KW) 27.34

Qs (KW) 21.07
COP 1.39

PP (year) 5.16

ED (kW) 6.37

5. Conclusions

In this study, a novel air-source gas-fired absorption heat pump system for
heating with flue gas recovery has been proposed. The performance of the AGAHP
has been evaluated and analyzed, considering aspects including energy, exergy,
economy and environment. For analyzing the effects of generator temperature and
evaporating temperature on the thermodynamic and economic performance of the
system, a mathematical model has been developed. Both multi-objective optimization
and TOPSIS decision-making method have been adopted to find optimal design and
operation states of the AGAHP system, with minimized exergy destruction and
payback period. Main findings from this study have been summarized as followings,
1. For the system proposed in this study, its COP, heat capacity, exergy destruction

and efficiency, capital investment and profit would all increase with increasing
generator temperature, but not for payback period. When generator temperature
was 195 °C, the maximized COP and heat capacity were 1.48 and 45.05 kW,
respectively, at evaporating temperature of -10 °C;

2. A lower exergy destruction of the system may lead to longer payback period, and
vice versa. Both are not optimal design. When the generator temperature was
195 °C, the maximum profit and minimum payback period were 12974 $ and 5.46
years, respectively.

3. The system can be optimized by solving the conflict between payback period and
exergy destruction, using the multi-objective optimization method. Through this
optimization work, if the MOP design was selected as the final solution, the
average ED and the average PP were 4.51 % and 5.07 % higher than their
minimum possible values, respectively. This optimization work gave better



performance than the single-objective optimization.
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